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ABSTRACT 
 
 
 
 
Natural biopolymers such as chitosan have high potential as sorbents for a 
wide range of applications. However, these materials present significant limitations 
that require appropriate modifications. In this study, chitosan was modified by 
crosslinking and grafting and the newly prepared grafted copolymers were evaluated 
as sorbents for the removal of a selected dye, Orange G (OG) and several heavy 
metal ions (Pb(II), Cu(II) and Cd(II)) from aqueous solutions. Chitosan beads were 
produced from their commercial form and crosslinked with glutaraldehyde to 
enhance their stability in acidic medium. The crosslinked chitosan beads were then 
grafted separately with two different monomers, namely methacrylamide and N-
vinyl-2-pyrrolidone by conventional free radical polymerization using ammonium 
persulfate as an initiator. The modified chitosan beads were characterized using 
Fourier transform infrared (FTIR) spectroscopy, solid state 
13
C nuclear magnetic 
resonance (
13
C NMR) spectroscopy, thermogravimetric analysis (TGA), differential 
scanning calorimetry (DSC), scanning electron microscopy (SEM) and CHN analysis 
to provide evidence of successful crosslinking and grafting. The solubility and 
swelling of the grafted copolymers and chitosan beads were investigated. The 
optimum percentage grafting (263.5%) for the preparation of crosslinked chitosan-
graft-poly(methacrylamide) (cts(x)-g-PMAm) was obtained at reaction temperature 
of 60°C, reaction time of 3 h, 2.63   10-1 mol L-1 of ammonium persulfate, 17.62   
10
-1
 mol L
-1
 of methacrylamide and 1 g of crosslinked chitosan beads. Meanwhile, 
the optimum percentage grafting (138%) for the preparation of crosslinked chitosan-
graft-poly(N-vinyl-2-pyrrolidone) (cts(x)-g-PNVP), was achieved using reaction 
temperature of 60°C, reaction time of 2 h, 2.63   10-1 mol L-1 of ammonium 
persulfate, 26.99   10-1 mol L-1 of N-vinyl-2-pyrrolidone and 1.5 g of crosslinked 
chitosan beads. It was found that (cts(x)-g-PMAm) and (cts(x)-g-PNVP) beads 
showed significantly higher maximum adsorption capacities, qmax, for OG (25.8 mg 
g
-1
 and 63.7 mg g
-1
, respectively) as compared to that of unmodified chitosan beads 
(1.7 mg g
-1
). It was also proven that the Langmuir model fitted very well with the 
experimental adsorption data for OG and the selected heavy metal ions with R
2
 of 
nearly unity, while the adsorption kinetics were well described by the pseudo-second 
order kinetic model. In addition, the adsorbent-adsorbate interactions were elucidated 
by means of FTIR and X-ray photoelectron spectroscopy (XPS). This study 
concludes that both cts(x)-g-PMAm and cts(x)-g-PNVP beads are potentially useful 
as sorbents for the removal of pollutants from water and wastewater. 
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ABSTRAK 
 
 
 
 
Biopolimer semula jadi misalnya kitosan mempunyai potensi tinggi sebagai 
pengerap untuk pelbagai aplikasi. Walau bagaimanapun, bahan ini mempunyai had 
keupayaan ketara yang memerlukan pengubahsuaian yang sesuai. Dalam kajian ini, 
kitosan telah diubahsuai secara perangkaian silang dan cangkukan dan kopolimer 
cangkuk yang baru disediakan itu telah dinilai sebagai pengerap untuk 
menyingkirkan pewarna terpilih, jingga-G (OG) dan beberapa logam berat (Pb(II), 
Cu(II), Cd(II)) daripada larutan akueus. Manik kitosan telah diperbuat daripada 
bentuk komersialnya dan dirangkai silang menggunakan glutaraldehid untuk 
meningkatkan kestabilannya di dalam medium berasid. Manik kitosan yang 
berangkai silang kemudiannya dicangkuk secara berasingan dengan dua monomer 
yang berbeza, iaitu metakrilamida dan N-vinil-2-pirolidon dengan pempolimeran 
radikal bebas konvensional menggunakan ammonium persulfat sebagai pemula. 
Manik kitosan yang diubahsuai telah dicirikan menggunakan spektroskopi 
inframerah transfomasi Fourier (FTIR), spektroskopi 
13
C resonans magnet nukleus 
keadaan pepejal (
13
C NMR), analisis termogravimetri (TGA), kalorimetri imbasan 
pembezaan (DSC), mikroskopi imbasan elektron (SEM) dan analisis CHN untuk 
membuktikan kejayaan perangkaian silang dan cangkukan. Keterlarutan dan 
pembekakan kopolimer cangkuk tersebut dan manik kitosan telah dikaji. Peratus 
cangkukan optimum (263.5%) bagi penyediaan kitosan berangkai silang-cangkuk-
poli(metakrilamida) (cts(x)-g-PMAm) telah diperoleh pada suhu tindak balas 60ºC, 
masa tindak balas 3 jam, ammonium persulfat 2.63   10-1 mol L-1, metakrilamida 
17.62   10-1 mol L-1 dan 1 g manik kitosan berangkai silang. Sementara itu, peratus 
cangkukan optimum (138%) bagi penyediaan kitosan berangkai silang-cangkuk-
poli(N-vinil-2-pirolidon) (cts(x)-g-PNVP) telah dicapai dengan menggunakan suhu 
tindak balas 60ºC, masa tindak balas 2 jam, ammonium persulfat 2.63   10-1 mol L-1, 
N-vinil-2-pirolidon 26.99   10-1 mol L-1 dan 1.5 g manik kitosan berangkai silang. 
Manik (cts(x)-g-PMAm) dan (cts(x)-g-PNVP) didapati menunjukkan kapasiti 
penjerapan maksimum, qmax, bagi OG yang jauh lebih tinggi (masing-masing, 25.8 
mg g
-1
 dan 63.7 mg g
-1
) berbanding dengan manik kitosan yang tidak terubahsuai 
(1.7 mg g
-1
). Ia juga membuktikan bahawa model Langmuir sangat bersesuaian 
dengan data penjerapan eksperimen untuk OG dan ion logam berat terpilih dengan 
R
2 
menghampiri satu, sementara kinetik penjerapan telah diterangkan dengan baik 
oleh model kinetik pseudo-tertib kedua. Sebagai tambahan, interaksi antara penjerap-
zat tererap telah dicirikan dengan spektroskopi FTIR dan spektroskopi fotoelektron 
sinar-X (XPS). Kajian ini menyimpulkan bahawa kedua-dua manik cts(x)-g-PMAm 
dan cts(x)-g-PNVP berpotensi sebagai pengerap yang berguna bagi penyingkiran 
bahan pencemar daripada air dan air sisa. 
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Background of Study 
 
 
Rapid development of industrialization, agricultural activities and exploitation 
of natural resources together with the growth of human population over the past few 
decades have inevitably resulted in raising pollution on Earth (Kiliç et al., 2013). 
Pollution of water resources by harmful substances such as dyes and heavy metals is 
one of the most significant environment problems worldwide. These harmful 
substances are of increasing public concern due to their detrimental effect on a 
variety of living species.  
 
 
The main cause of water pollution always correlates to the effluents from 
textile and dyeing industries. These industries consume large quantities of water with 
various chemical and coloring substances. The presence of dye in such wastewater is 
highly visible and undesirable. It can destroy aquatic environment by preventing the 
penetration of sunlight and oxygen (Crini and Badot, 2008). 
 
 
Wastewaters containing heavy metals mainly originate from industries such 
as metal plating, mining operations, fertilizer industries, tanneries, batteries, paper 
industries and pesticides (Yang et al., 2013). They are often discharged directly or 
indirectly into water bodies without proper treatment process. Besides contaminating 
surface water (i.e. rivers, lakes, ponds and reservoirs), this pollutant can also 
contaminate underground water by leaking from soil after rain events. Heavy metals 
of particular interest in treatment of industrial wastewater include copper (Cu), 
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cadmium (Cd), nickel (Ni), lead (Pb), zinc (Zn), silver (Ag), chromium (Cr(III)), 
mercury (Hg), iron (Fe), cobalt (Co) and arsenic (As) (Meena et al., 2008). Unlike 
organic wastes, metal compounds are of considerable concern because they are non-
biodegradable and toxic even at low concentration. Exposure to elevated levels of 
heavy metals can adversely affect water resources, endangering the ecosystems and 
human health.  
 
 
Removal of dyes as well as heavy metals from wastewater is very important 
for the sake of public health and environmental remediation. Various methods for 
removing the pollutants from contaminated water have already been applied years 
ago including chemical precipitation, solvent extraction, ion exchange, evaporation, 
reverse osmosis, electrolysis and adsorption. Most of these methods may show some 
economical and technical disadvantages (Mehdinia et al., 2015). For examples, 
chemical precipitation has been widely used to remove dye or heavy metal from 
inorganic effluent by increasing the pH of the solution in order to convert the soluble 
substances into an insoluble form. Even though the process is simple, it generates a 
large quantity of sludge which requires further treatment and high cost. Chemical 
precipitation is also not effective to remove trace level of pollutants from aqueous 
solutions. In ion exchange method, the resin, either synthetic or natural solid, 
exchanges its cations with the unwanted substance in the wastewater. The problem is 
drawn when the ion exchanger is quickly polluted and thus, reduces the exchange 
capacity. In addition, this method usually consumes high capital and operational 
costs. Coagulation-flocculation has been capable of removing pollutants from 
solution, but the process can destabilize colloidal particles by adding a chemical 
agent (coagulant) which resulting in sedimentation (O’Connell et al., 2008; Abas et 
al., 2013). Adsorption is established as the most effective method for water 
decontamination applications and analytical separation purposes. It offers advantages 
over the other options such as simplicity in terms of design and operation, uses less 
chemicals, requires low initial costs and can remove different types of pollutants 
(Bhatnagar and Minocha, 2006; Fu and Wang, 2011). 
 
 
The most important factors that determine adsorption, especially for large 
scale treatment applications are efficiency and treatment cost. In recent years, the 
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development of adsorbent containing biopolymer origin has been considered as one 
of the most favorable option for the removal of dye and heavy metal from aqueous 
solutions. Biopolymers such as cellulose, starch, alginate, chitin and chitosan were 
intensively studied due to their fascinating features such as cheap, abundance, 
renewable, non-toxic and highly selective towards contaminants (Crini, 2005; 
Chauhan, 2015).  
 
 
Chitosan is an amino polysaccharide produced from chitin and can be found 
naturally in some fungi. It is the most versatile biopolymer for a broad range of 
applications because of its biocompatibility, biodegradability and antibacterial 
property. Furthermore, this material is regarded as an ideal adsorbent. The presence 
of –NH2 and –OH groups on the polymeric backbone can serve as chelating and 
reaction sites towards pollutants (Wan Ngah and Fatinathan, 2008). Despite its 
fascinating properties, chitosan has severe drawbacks that restrict its application in 
water treatment and purification. Chitosan is commonly available in powder or flake 
form as the end product in the production process. It has crystallized structure and 
presents poor acid resistance and low porosity. In view of this limitations, pure 
chitosan is not suitable to be used in adsorption process without further modifications 
(Poon et al., 2014).  
 
 
Modification of chitosan in adsorption study has two main goals. The first 
goal is to increase the chemical stability of the polymer in wide pH-range aqueous 
media. The second goal is to improve the sorption performance such as sorption 
capacity and pollutant selectivity (Wang and Chen, 2014). The modification of 
chitosan can be carried out by either physical or chemical techniques or both. 
 
 
Preparation of new chitosan-based materials may include impregnation, 
crosslinking, internal hydrogen bonding formation, graft polymerization and 
composite formation (Vakili et al., 2014). In particular, crosslinking is one of the 
common modifications performed on chitosan mainly to prevent its dissolution in 
acidic media. This technique involves the formation of covalent bonds between two 
polymer chains by using bifunctional reagents containing reactive end groups that 
react with functional groups of chitosan (i.e. NH2).  
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Another important modification is graft copolymerization. This approach has 
gained considerable interest among researchers and has become a vital technique in 
polymer chemistry. Grafting reaction provides various molecular designs leading to 
novel types of hybrid materials, which are composed of bio- and synthetic-polymers. 
Chitosan has two types of reactive groups; –NH2 and –OH groups for grafting to 
occur. Different functional groups have been successfully grafted onto chitosan by 
covalent bond onto the chitosan backbone. As a result, graft copolymers have broad 
applications in many fields including water treatment, toiletries, medicine, 
agriculture, food processing and separation (Zohuriaan-mehr, 2005).  
 
 
 
 
1.2 Problem Statement 
 
 
In recent years, extensive works have been undertaken with the aim of 
finding alternatives in view of economic adsorbents for water treatment. Natural 
polymer, in particular chitosan, has high potential as sorbent in removing a wide 
range of contaminants, yet this material presents significant limitations which 
requires appropriate modifications. 
 
 
Chitosan, in its native state, is characterized as a crystallized polymer due to 
strong inter- and intramolecular hydrogen bonding in the structure. Since adsorption 
process usually takes place only at the amorphous region of the crystal, advancement 
has been made to prepare chitosan hydrogel beads in order to reduce the crystallinity 
of the polysaccharide through a gel formation process (Lee et al., 2001). 
Additionally, the shape of adsorbent particle indeed plays an important role in 
adsorption capacity of either organic or inorganic pollutants. Cahyaningrum et al. 
reported the comparison between chitosan powder and chitosan beads for the  
removal of mercury ions (Cahyaningrum et al., 2010). The results revealed that the 
adsorption capacity of the metallic ion by chitosan beads (17.39   10-4 mol g-1) was 
much higher than that of chitosan powder (7.20   10-4 mol g-1). 
 
 
5 
 
Pure chitosan has a major limitation of being highly soluble in most dilute 
mineral and organic acid solutions by protonation of the amine groups. This makes it 
even more difficult to evaluate its application as sorbent in the treatment of industrial 
effluents. Crosslinking process has been found to be an effective method to reinforce 
chemical stability of chitosan under acidic conditions. Several chemical crosslinking 
agents such as glutaraldehyde, epichlorohydrin, sodium tripolyphosphate and 
ethylene glycol diglycidyl ether have been employed for this purpose. This reaction, 
somehow, decreases the adsorption capacity slightly because amine groups of 
chitosan, which is known to be the main sites for target analytes, are usually bound 
with the crosslink agent to form a stable covalent bond (i.e. imine group). Hence, 
grafting copolymerization on crosslinked chitosan beads with vinyl monomers is 
necessary to increase the number of adsorption sites and thus, the adsorption 
capacity. 
 
 
In this study, chitosan was suitably converted to chitosan beads and 
crosslinked using chemical crosslink agent, glutaraldehyde. The beads were then 
grafted for the first time with methacrylamide (MAm) and N-vinyl-2-pyrrolidone 
(NVP) separately, using ammonium persulfate as free radical. MAm and NVP 
monomers were chosen as side chain with expectation of increasing the amino group 
onto the surface of the chitosan beads as well as enhancing adsorptive capacities of 
chitosan beads for the removal of Orange G and metal ions (Pb(II), Cu(II) and 
Cd(II)) from aqueous solutions. The newly modified chitosan beads were 
characterized and evaluated as adsorption material with improved or enhanced 
properties. Moreover, the adsorption factors such as pH, initial concentration and 
contact time were studied.  
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1.3 Objectives of Study 
 
 
The objectives of this study are; 
 
 
i. To prepare new chitosan-based sorbents by grafting crosslinked chitosan beads 
with methacrylamide and N-vinyl-2-pyrrolidone, separately, using ammonium 
persulfate as initiator.  
ii. To optimize the parameters of graft copolymerization and characterize the 
prepared graft copolymers. 
iii. To evaluate the adsorption performance of the grafted copolymers in removing 
selected dye and heavy metal ions from aqueous solution. 
iv. To study the adsorption kinetics and isotherms of the grafted copolymers using 
Langmuir and Freundlich models.  
 
 
 
 
1.4 Scope of Study 
 
 
In the present study, chitosan was physically modified by conversion into 
chitosan gel beads. The prepared chitosan beads were crosslinked using 
glutaraldehyde as a crosslinking agent and incorporated with two different functional 
groups, namely methacrylamide and N-vinyl-2-pyrrolidone by grafting method. The 
graft copolymerization was adopted via free radical mechanism in the presence of 
ammonium persulfate as initiator.  
 
 
The effect of grafting parameters, namely temperature, time of reaction, 
concentration of initiator, monomers and weight of crosslinked chitosan beads were 
investigated in order to obtain the optimum values of grafting and yield percentages. 
The modified chitosan beads were characterized using Fourier transform infrared 
(FTIR) spectroscopy to elucidate the chemical structure changes after modifications. 
The carbon bonds formed in crosslinking and grafting reaction were confirmed by 
Solid state 
13
C nuclear magnetic resonance analysis (
13
C NMR). The surface 
morphologies of chitosan and the modified beads were observed at different 
magnifications using scanning electron microscopy (SEM). Thermogravimetric 
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analysis (TGA) was used to evaluate the thermal stability of graft copolymers by 
measuring the continuous change in weight of materials as a function of temperature. 
Meanwhile, glass transition temperature (Tg) was determined by differential scanning 
calorimeter (DSC) that measured endothermic and exothermic heat flows as a 
function of temperature/time. CHN analysis was carried out to determine the 
percentage elemental composition of carbon, hydrogen and oxygen. The prepared 
chitosan beads were also characterized in terms of their solubility and swelling 
behavior.  
 
 
In the last part of the study, laboratory batch experiments were performed to 
investigate adsorption capacities of the modified chitosan beads for Orange G and 
selected heavy metals, namely Pb, Cd and Cu in aqueous solutions. Herein, FTIR and 
X-ray photoelectron (XPS) analyses were used to elucidate the mechanisms involved 
in the adsorption processes. 
 
 
 
 
1.5 Significant of Study 
 
 
This study focuses on the modifications of chitosan in order to prepare new 
hybrid materials that serve as effective sorbents with desired properties to overcome 
its limitations. These materials are potentially useful for the extraction and removal 
of targeted pollutants from aqueous solution.  
 
 
The presence of hazardous substances, in particular dyes and heavy metals in 
the environment has received extensive attention as a result of their wide industrial 
uses. These kinds of pollutants are known to be toxic or carcinogenic. They are often 
discharged as effluent or wastewaters into water bodies; thus detrimental to human 
health and ecosystem stability. Therefore, it is necessary to develop an appropriate 
method to remove or minimize the amount of these pollutants from the environment. 
Findings from this research work can potentially contribute to green chemistry and 
new sustainable sorbents. 
 
  
 
 
 
REFERENCES 
 
 
 
 
Abas, S.A., Ismail, M.H.S., Lias, K., and Izhar, S. Adsorption process of heavy 
metals by low-cost adsorbent: A review. World Applied Sciences Journal, 2013. 
28(11): 1518–1530. 
Acharyulu, S.R., Gomathi, T., and Sudha, P.N. Synthesis and characterization of 
cross linked chitosan-polystyrene polymer blends. Der Pharmacia Lettre, 2013. 
5(4): 74–83. 
Adarsh, K.J. and Madhu, G. A comparative study on metal adsorption properties of 
different forms of chitosan. International journal of Innovative Research in 
Science Engineering and Technology, 2014. 3(2): 9609–9617. 
Ahuja, M., Kumar, S., and Kumar, A. Tamarind seed polysaccharide-g-poly(N-vinyl-
2-pyrrolidone): Microwave-assisted synthesis, characterization, and evaluation 
as mucoadhesive polymer. International Journal of Polymeric Materials, 2013. 
62: 544–549. 
Albarghouthi, M., Fara, D.A., Saleem, M., El-Thaher, T., Matalka, K., and Badwan, 
A. Immobilization of antibodies on alginate-chitosan beads. International 
Journal of Pharmaceutics, 2000. 206: 23–34. 
Ali, H. Biodegradation of synthetic dyes- A review. Water Air and Soil Pollution, 
2010. 213: 251–273. 
Alikutty, P., Mujeeb, V.M.A., Zubair, M.A., Muraleedharan, K., and Rahman, P.M. 
Studies on the sorption capacity for Pb(II) and Hg(II) of citralidene chitosan. 
Polymer Bulletin, 2014. 71: 1919–1932. 
Al-Karawi, A.J.M., Al-Qaisi, Z.H.J., Abdullah, H.I., Al-Mokaram, A.M., and Al-
Heetimi, D.T.A. Synthesis, characterization of acrylamide grafted chitosan and 
its use in removal of copper(II) ions from water. Carbohydrate Polymers, 2011. 
83: 495–500.  
Al-Sagheer, F.A., Khalil, K.D., and Ibrahim, E.I. Synthesis and characterization of 
chitosan-g-poly(2-(furan-2-carbonyl)-acrylonitrile): Grafting of chitosan using 
158 
 
a novel monomer prepared by a Baylis-Hillman reaction. European Polymer 
Journal, 2013. 49: 1662–1672.  
Anirudhan, T.S. and Rijith, S. Synthesis and characterization of carboxyl terminated 
poly(methacrylic acid) grafted chitosan/bentonite composite and its application 
for the recovery of uranium(VI) from aqueous media. Journal of Environmental 
Radioactivity, 2012. 106: 8–19.  
Anitha, A., Rejinold, N.S., Bumgardner, J.D., Nair, S.V., and Jayakumar, R. 
Approaches for functional modification or cross-linking of chitosan. Chitosan-
Based Systems for Biophamaceuticals. John Wiley & Sons, Ltd. 107-124; 2012. 
Arbabi, M., Hemati, S., and Amiri, M. Removal of lead ions from industrial 
wastewater: A review of removal methods. International Journal of 
Epidemiologic Research, 2015. 2(2): 105–109. 
Arulkumar, M., Sathishkumar, P., and Palvannan, T. Optimization of Orange G dye 
adsorption by activated carbon of Thespesia populnea pods using response 
surface methodology. Journal of Hazardous Materials, 2011. 186: 827–834. 
Aso, C. and Aito, Y. Intramolecular-intermolecular polymerization of 
glutaraldehyde. Short Communication, 1962. 35: 1426. 
Atia, A.A., Donia, A.M., and Al-Amrani, W.A. Adsorption/desorption behavior of 
acid orange 10 on magnetic silica modified with amine groups. Chemical 
Engineering Journal, 2009. 150: 55–62. 
Azad, A.K., Sermsintham, N., Chandrkrachang, S., and Stevens, W.F. Chitosan 
membrane as a wound-healing dressing: Characterization and clinical 
application. Journal of Biomedical Materials Research. Part B, Applied 
Biomaterials, 2004. 69: 216–222. 
Azeredo, H.M.C. and Waldron, K.W. Crosslinking in polysaccharide and protein 
films and coatings for food contact- A review. Trends in Food Science and 
Technology, 2016. 52: 109–122. 
Bal, A., Özkahraman, B., Acar, I., Özyürek, M., and Güçlü, G. Study on adsorption, 
regeneration, and reuse of crosslinked chitosan graft copolymers for Cu(II) ion 
removal from aqueous solutions. Desalination and Water Treatment, 2013. 52: 
3246–3255. 
Barreiro-Iglesias, R., Coronilla, R., Concheiro, A., and Alvarez-Lorenzo, C. 
Preparation of chitosan beads by simultaneous cross-linking/ insolubilisation in 
basic pH: Rheological optimisation and drug loading/release behaviour. 
159 
 
European Journal of Pharmaceutical Sciences, 2005. 24: 77–84. 
Behari, K., Banerjee, J., Srivastava, A., and Mishra, D.K. Studies on graft 
copolymerization of N-vinyl formamide onto guar gum initiated by 
bromate/ascorbic acid redox pair. Indian Journal of Chemical Technology, 
2005. 12: 664–670. 
Bello, O.S., Adelaide, O.M., Hammed, M.A., and Olalekan, A.M.P. Kinetic and 
equilibrium studies of methylene blue removal from aqueous solution by 
adsorption on treated sawdust. Macedonian Journal of Chemistry and Chemical 
Engineering, 2010. 29: 77–85. 
Benamer, S., Mahlous, M., Tahtat, D., Nacer-Khodja, A., Arabi, M., Lounici, H., and 
Mameri, N. Radiation synthesis of chitosan beads grafted with acrylic acid for 
metal ions sorption. Radiation Physics and Chemistry, 2011. 80: 1391–1397.  
Banerjee, S., Gautam, R.K., Jaiswal, A., Kumar, P., Chattopadhyaya, M.C., 
Banerjee, S., Gautam, R.K., Jaiswal, A., Gautam, P.K., and Chattopadhyaya, 
M.C. Study on adsorption behavior of Acid Orange 10 onto modified wheat 
husk modified wheat husk. Desalination and Water Treatment, 2015. 3994: 37–
41.  
Bezbradica, D.I., Mateo, C., and Guisan, J.M. Novel support for enzyme 
immobilization prepared by chemical activation with cysteine and 
glutaraldehyde. Journal of Molecular Catalysis B: Enzymatic, 2014. 102: 218–
224.  
Bhatnagar, A. and Minocha, A.K. Conventional and non-conventional adsorbents for 
removal of pollutants from water- A review. Indian Journal of Chemical 
Technology, 2006. 13(3): 203–217. 
Bhattacharya, A. and Misra, B.N. Grafting: A versatile means to modify polymers: 
Techniques, factors and applications. Progress in Polymer Science, 2004. 29: 
767–814. 
Bhattacharya, A. and Ray, P. Basic Features and Techniques. Bhattacharya, A., 
Rawlins, J.W., and Ray. Polymer Grafting and Crosslinking. Canada: John 
Wiley & Sons, Inc. 7-64; 2008. 
Blackburn, R.S. Natural polysaccharides and their interactions with dye molecules: 
Applications in effluent treatment. Environmental Science and Technology, 
2004. 38: 4905–4909. 
Blair, H.S. and Lai, K.M. Graft copolymers of polysaccharides: 1. Graft copolymers 
160 
 
of alginic acid. Polymer, 1982. 23: 1838–1841. 
Bourtoom, T. Edible protein films: Properties enhancement. International Food 
Research Journal, 2009. 16: 1–9. 
Budiman, H. and Zuas, O. Adsorption isotherm studies on acid orange-10 dye 
removal using cerium dioxide nanoparticles. Indonesian Journal of Chemistry, 
2014. 14(3): 226–232. 
Cahyaningrum, S.E., Narsito, Santoso, S.J., and Agustini, R. Adsorption of Mg(II) 
ion from aqueous solution on chitosan beads and chitosan powder. Journal of 
Coastal Development, 2010. 13(3): 179–184. 
Campos, E., Coimbra, P., and Gil, M.H. An improved method for preparing 
glutaraldehyde cross-linked chitosan–poly(vinyl alcohol) microparticles. 
Polymer Bulletin, 2013. 70: 549–561. 
Cetinus, S.A., Sahin, E., and Saraydin, D. Preparation of Cu(II) adsorbed chitosan 
beads for catalase immobilization. Food Chemistry, 114, 962–969. 
Chauhan, S. Modification of chitosan for sorption of metal ions. Journal of Chemical 
and Pharmaceutical Reseacrh, 2015. 7(4): 49–55. 
Cheba, B.A. Chitin and Chitosan : Marine biopolymers with unique properties and 
versatile applications. Journal of Biotechnology & Biochemistry, 2011. 6(3): 
149–153. 
Cheng, R., Ou, S., Li, M., Li, Y., and Xiang, B. Ethylenediamine modified starch as 
biosorbent for acid dyes. Journal of Hazardous Materials, 2009. 172: 1665–
1670. 
Chiou, M.S., Ho, P.Y., and Li, H.Y. Adsorption of anionic dyes in acid solutions 
using chemically cross-linked chitosan beads. Dyes and Pigments, 2004. 60: 
69–84. 
Constantin, M., Mihalcea, I., Oanea, I., Harabagiu, V., and Fundueanu, G. Studies on 
graft copolymerization of 3-acrylamidopropyl trimethylammonium chloride on 
pullulan. Carbohydrate Polymers, 2011. 84: 926–932. 
Crini, G. Recent developments in polysaccharide-based materials used as adsorbents 
in wastewater treatment. Progress in Polymer Science, 2005. 30: 38–70. 
Crini, G. and Badot, P.M. Application of chitosan, a natural aminopolysaccharide, 
for dye removal from aqueous solutions by adsorption processes using batch 
studies: A review of recent literature. Progress in Polymer Science, 2008. 33: 
399–447. 
161 
 
Damink, L.H.H.O., Dijkstra, P.J., Van Luyn, M.J.A, Van Wachem, P.B., 
Nieuwenhuis, P., and Feijen, J. Glutaraldehyde as a crosslinking agent for 
collagen-based biomaterials. Journal of Materials Science: Materials in 
Medicine, 1995. 6: 460–472. 
da Silva, D.A., de Paula, R.C.M., and Feitosa, J.P.A. Graft copolymerisation of 
acrylamide onto cashew gum. European Polymer Journal, 2007. 43(6): 2620–
2629. 
Dawood, S. and Sen, T.K. Review on dye removal from its aqueous solution into 
alternative cost effective and non-conventional adsorbents. Journal of Chemical 
Process Engineering, 2014. 1: 1–11. 
Dergunov, S.A., Nam, I.K., Maimakov, T.P., Nurkeeva, Z.S., Shaikhutdinov, E.M., 
and Mun, G.A. Study on radiation-induced grafting of hydrophilic monomers 
onto chitosan. Journal of Applied Physics, 2008. 113: 1763–1772. 
Dhanesh, S. and Anjali, S. Chitosan for the removal of cadmium rich water. 
International Research Journal of Environmental Science, 2012. 1: 55–57. 
Dinara, S. Immobilization of saccharomyces cerevisiae onto cross-linked chitosan 
coated with magnetic nanoparticles for adsorption of uranium(VI) ions. 
Advances in natural and applied sciences, 2012. 6(2): 249–267. 
Distantina, S., Fahrurrozi, M., and Wiratni. Preparation of hydrogel based on 
glutaraldehyde-crosslinked carrageenan. 3rd International Conference on 
Chemistry and Chemical Engineering, 2012. 38: 150–154. 
Don, T.-M., King, C.-F., and Chiu, W.-Y. Synthesis and properties of chitosan-
modified poly(vinyl acetate). Journal of Applied Polymer Science, 2002. 86: 
3057–3063. 
Donia, A.M., Atia, A.A., Al-Amrani, W.A., and El-Nahas, A.M. Effect of structural 
properties of acid dyes on their adsorption behaviour from aqueous solutions by 
amine modified silica. Journal of Hazardous Materials, 2009. 161: 1544–1550. 
Duruibe, J.O., Ogwuegbu, M.O.C., and Egwurugwu, J.N. Heavy metal pollution and 
human biotoxic effects. International Journal of Physical Sciences, 2007. 2(5): 
112–118. 
Dutta, P.K., Duta, J., and Tripathi, V.S. Chitin and chitosan: Chemistry, properties 
and applications. Journal of Scientific and Industrial Research, 2004. 63: 20–
31. 
El-Ghenymy, A., Centellas, F., Garrido, J.A., Rodríguez, R.M., Sirés, I., Cabot, P.L., 
162 
 
and Brillas, E. Decolorization and mineralization of Orange G azo dye solutions 
byanodic oxidation with a boron-doped diamond anode in divided andundivided 
tank reactors. Electrochimica Acta, 2014. 130: 568–576.  
El-hefian, E.A., Elgannoudi, E.A., Mainal, A., and Yahaya, A.H. Characterization of 
chitosan in acetic acid: Rheological. Turkish Journal of Chemistry, 2010. 34: 
47–56. 
El-hefian, E.A., Nasef, M.M., and Yahaya, A.H. Chitosan physical forms: A short 
review. Australian Journal of Basic and Applied Sciences, 2011. 5(5): 670–677. 
Freitas, R.M., Spin-Neto, R., Spolidório, L.C., Campana-Filho, S.P., Marcantonio, 
R.A.C., and Marcantonio, E. Different molecular weight chitosan-based 
membranes for tissue regeneration. Materials, 2011. 4: 380–389. 
Fu, F. and Wang, Q. Removal of heavy metal ions from wastewaters: A review. 
Journal of Environmental Management, 2011. 92: 407–418. 
Gedam, A.H. and Dongre, R.S. Adsorption characterization of Pb(II) ions onto iodate 
doped chitosan composite: Equilibrium and kinetic studies. RSC Advances,  
2015. 5: 54188–54201.  
Ge-shan, Z., Hong-hai, X.U.E., Xiao-jian, T., Fei, P., and Chun-li, K. Adsorption of 
anionic dyes onto chitosan-modified diatomite. Chemical Reseacrh Chinese 
Universities, 2011. 27(6): 1035–1040. 
Girma, K.B., Lorenz, V., Blaurock, S., and Edelmann, F.T. Coordination chemistry 
of acrylamide. Coordination Chemistry Review, 2005. 249: 1283–1293. 
Gupta, V.K., Khamparia, S., Tyagi, I., Jaspal, D., and Malviya, A. Decolorization of 
mixture of dyes: A critical review. Global Journal of Environmental Science 
and Management, 2015. 1(1): 71–94. 
Hamma Adama, M.A., Osemeahon, S.A., and Barminas, J.T. Graft copolymerization 
of acrylamide onto bombax costatum calyx by initiator ceric ammonium nitrate: 
Study of effective grafting parameters for optimization. Journal of Applied 
Chemistry, 2014. 7(5): 11–17. 
Hardy, P.M., Nicholls, A.C., and Rydon, H.N. The nature of glutaraldehyde in 
aqueous solution. Chemical Communications, 1969. 111: 565–566. 
Harish Prashanth, K.V. and Tharanathan, R.N. Studies on graft copolymerization of 
chitosan with synthetic monomers. Carbohydrate Polymers, 2003. 54: 343–351. 
Harish Prashanth, K.V. and Tharanathan, R.N. Chitin/chitosan: Modifications and 
their unlimited application potential- An overview. Trends in Food Science and 
163 
 
Technology, 2007. 18: 117–131. 
Hashimoto, K., Masada, Y., Sumida, Y., Tashima, T., and Satoh, N. Studies of 
aqueous solution of glutaraldehyde by capillary gas chromatography-mass 
spectrometry. International Journal of Mass Spectrometry and Ion Physics, 
1983. 48: 125–128. 
Hatada, K., Kitayama, T., and Ute, K. Determination of tacticity of 
polymethacrylamide by C-13 NMR spectroscopy. Polymer Bulletin, 1983. 9: 
241–244. 
Hema, M. and Arivoli, S. Adsorption kinetics and thermodynamics of malachite 
green dye unto acid activated low cost carbon. Journal of Applied Sciences and 
Environmental Management, 2010. 12(1): 43–51. 
Heux, L., Brugnerotto, J., Desbrières, J., Versali, M.F., and Rinaudo, M. Solid state 
NMR for determination of degree of acetylation of chitin and chitosan. 
Biomacromolecules, 2000. 1: 746–751. 
Hin, B. and Hin, B. Equilibrium modelling and thermodynamics of removal of 
Orange G from its aqueous solutions, 2011. 6(3): 317-326. 
Ho, Y.S. and Mckay, G. A comparison of chemisorption kinetic models applied to 
pollutant removal on various sorbents. Trans IChemE, 1998. 76: 332–340. 
Ho, Y.S. and Mckay, G. Sorption of dyes from aqueous solution by peat. Chemical 
Engineering Journal, 1998. 70: 115–124. 
Ho, Y.S., Huang, C.T., and Huang, H.W. Equilibrium sorption isotherm for metal 
ions on tree fern. Process Biochemistry, 2002. 37: 1421–1430. 
Hsien, T. and Liu, Y. Desorption of cadmium from porous chitosan beads. 
Advancing Desalination. Intech, 163-180; 2012. 
Hsien, T.-Y. and Rorrer, G.L. Heterogeneous cross-linking of chitosan gel beads: 
Kinetics, modeling, and influence on cadmium ion adsorption. Industrial and 
Engineering Chemistry Research, 1997. 36: 3631–3638. 
Ifuku, S. Chitin and chitosan nanofibers: Preparation and chemical modifications. 
Molecules, 2014. 19: 18367–18380. 
Igberase, E. and Osifo, P. Equilibrium, kinetic, thermodynamic and desorption 
studies of cadmium and lead by polyaniline grafted cross-linked chitosan beads 
from aqueous solution. Journal of Industrial and Engineering Chemistry, 2015. 
26: 340–347.  
Igberase, E., Osifo, P., and Ofomaja, A. The adsorption of copper(II) ions by 
164 
 
polyaniline graft chitosan beads from aqueous solution: Equilibrium, kinetic and 
desorption studies. Journal of Environmental Chemical Engineering, 2014. 2: 
362–369.  
İnal, M. and Erduran, N. Removal of various anionic dyes using sodium 
alginate/poly(N-vinyl-2-pyrrolidone) blend hydrogel beads. Polymer Bulletin, 
2015. 72: 1735–1752. 
Isiklan, N., Kursun, F., and Inal, M. Graft copolymerization of itaconic acid onto 
sodium alginate using benzoyl peroxide. Carbohydrate Polymers, 2010. 79, 
665–672. 
Jenkins, D.W. and Hudson, S.M. Review of vinyl graft copolymerization featuring 
recent advances toward controlled radical-based reactions and illustrated with 
chitin/chitosan trunk polymers. Chemical Reviews, 2001. 101: 3245–3273. 
Ji, J., Wang, L., Yu, H., Chen, Y., Zhao, Y., Zhang, H., Amer, W. A., Sun, Y., 
Huang, L., and Saleem, M. Chemical modifications of chitosan and its 
applications. Polymer-Plastics Technology and Engineering, 2014. 53(14): 
1494–1505. 
Jyothi, A.N. and Carvalho, A.J.F. Chapter 3. Starch-g-copolymers: Synthesis, 
properties and applications. Polysaccharide Based Graft Copolymers. Berlin. 
Springer-Verlag. 59-109; 2013. 
Kaewtatip, K. and Tanrattanakul, V. Preparation of cassava starch grafted with 
polystyrene by suspension polymerization. Carbohydrate Polymers, 2008. 73: 
647–655. 
Kang, H.-M., Cai, Y.-L., and Liu, P.-S. Synthesis, characterization and thermal 
sensitivity of chitosan-based graft copolymers. Carbohydrate Research, 2006. 
341: 2851–2857. 
Kavianinia, I., Plieger, P.G., Kandile, N.G., and Harding, D.R. Preparation and 
characterization of chitosan films, crosslinked with symmetric aromatic 
dianhydrides to achieve enhanced thermal properties. Polymer International, 
2015. 64: 556–562. 
Khalil, K.D. and Al-Matar, H.M. Chitosan based heterogeneous catalyses: Chitosan-
grafted-poly(4-vinylpyridne) as an efficient catalyst for michael additions and 
alkylpyridazinyl carbonitrile oxidation. Molecules, 2013. 18: 5288–5305. 
Kildeeva, N.R., Perminov, P.A., Vladimirov, L.V., Novikov, V.V., and Mikhailov, 
S.N. About mechanism of chitosan cross-linking with glutaraldehyde. Russian 
165 
 
Journal of Bioorganic Chemistry, 2009. 35(3): 360–369. 
Kiliç, M., Kirbiyik, Ç., Çepelioǧullar, Ö., and Pütün, A.E. Adsorption of heavy metal 
ions from aqueous solutions by bio-char, a by-product of pyrolysis. Applied 
Surface Science, 2013. 283: 856–862. 
Konaganti, V.K., Kota, R., Patil, S., and Madras, G. Adsorption of anionic dyes on 
chitosan grafted poly(alkyl methacrylate)s. Chemical Engineering Journal, 
2010. 158: 393–401.  
Koumanova, B. and Allen, S.J. Decolourisation of water/wastewater using 
adsorption (Review). Journal of the University of Chemical Technology and 
Metallurgy, 2005. 40(3): 175–192. 
Krajewska, B. Membrane-based processes performed with use of chitin/chitosan 
materials. Separation and Purification Technology, 2005. 41: 305–312. 
Kulkarni, S.J. and Kaware, J.P. A review on research for cadmium removal from 
effluent. International Journal of Engineering Science and Innovative 
Technology, 2013. 2: 465–469. 
Kumar, M.N.V.R. A review of chitin and chitosan applications. Reactive and 
Functional Polymers, 2000. 46: 1–27. 
Kumar, R., Setia, A., and Mahadevan, N. Grafting modification of the 
polysaccharide by the use of microwave irradiation– A review. International 
Journal of Recent Advances in Pharmaceutical Research, 2012. 2: 45–53. 
Kumar, S. and Koh, J. Physiochemical, optical and biological activity of chitosan-
chromone derivative for biomedical applications. International Journal of 
Molecular Sciences, 2012. 13: 6103–6116. 
Kumar, S., Kumari, M., Dutta, P.K., and Koh, J. Chitosan biopolymer schiff base: 
Preparation, characterization, optical, and antibacterial activity. International 
Journal of Polymeric Materials and Polymeric Biomaterials, 2014. 63: 173–
177. 
Kumar, U. and Acharya, J. Thermodynamics of the sorption of Pb(II) from aqueous 
solution on NCRH. International Journal of Chemical Engineering and 
Applications, 2011. 2(6): 2–6. 
Kumbar, S.G., Soppimath, K.S., and Aminabhavi, T.M. Synthesis and 
characterization of polyacrylamide-grafted chitosan hydrogel microspheres for 
the controlled release of indomethacin. Journal of Applied Polymer Science, 
2003. 87: 1525–1536. 
166 
 
Kumbar, S.G., Kulkarni, A.R., and Aminabhavi, M. Crosslinked chitosan 
microspheres for encapsulation of diclofenac sodium: Effect of crosslinking 
agent. Journal of Microencapsulation, 2005. 19: 173–80. 
Kumirska, J., Czerwicka, M., Kaczynski, Z., Bychowska, A., Brzozowski, K., 
Thoming, J., and Stepnowski, P. Application of spectroscopic methods for 
structural analysis of chitin and chitosan. Marine Drugs, 2010. 8(5): 1567–
1636. 
Kumirska, J., Weinhold, M.X., Thoming, J., and Stepnowski, P. Biomedical activity 
of chitin/chitosan based materials- Influence of physicochemical properties 
apart from molecular weight and degree of N-acetylation. Polymers, 2011. 3: 
1875–1901. 
Kyzas, G.Z., Kostoglou, M., Vassiliou, A.A., and Lazaridis, N.K. Treatment of real 
effluents from dyeing reactor: Experimental and modeling approach by 
adsorption onto chitosan. Chemical Engineering Journal, 2011. 168: 577–585.  
Labidi, A., Saad, A., and Abderrabba, M. Copper adsorption onto starch as 
biopolymer: Isothermal equilibrium and kinetic studies. Journal of Chemical 
and Pharmaceutical Reseacrh, 2015. 7: 1274–1282. 
Laus, R. and Favere, V.T. Competitive adsorption of Cu(II) and Cd(II) ions by 
chitosan crosslinked with epichlorohydrin–triphosphate. Bioresource 
Technology, 2011. 102: 8769–8776. 
Lee, S., Mi, F., Shen, Y., and Shyu, S. Equilibrium and kinetic studies of copper(II) 
ion uptake by chitosan-tripolyphosphate chelating resin. Polymer, 2001. 42: 
1879–1892. 
Li, B., Shan, C., Zhou, Q., Fang, Y., Wang, Y., Xu, F., Han, L., Ibrahim, M., Guo, 
L., Xie, G., and Sun, G. Synthesis, characterization, and antibacterial activity of 
cross-linked chitosan-glutaraldehyde. Marine Drugs, 2013. 11: 1534–1552. 
Lin, Q., Gao, M., Chang, J., and Ma, H. Adsorption properties of crosslinking 
carboxymethyl cellulose grafting dimethyldiallylammonium chloride for 
cationic and anionic dyes. Carbohydrate Polymers, 2016. 151: 283–294.  
Liu, C. and Bai, R. Adsorptive removal of copper ions with highly porous 
chitosan/cellulose acetate blend hollow fiber membranes. Journal of Membrane 
Science, 2006. 284: 313–322. 
Liu, H. and Wang, C. Chitosan scaffolds for recyclable adsorption of Cu(II) ions. Rsc 
Advances, 2014. 4: 3864–3872. 
167 
 
Liu, H., Yang, F., Zheng, Y., Kang, J., Qu, J., and Chen, J.P. Improvement of metal 
adsorption onto chitosan/sargassum sp. composite sorbent by an innovative ion-
imprint technology. Water Research, 2011. 45: 145–154.  
Liu, J., Wen, X.Y., Lu, J.F., Kan, J., and Jin, C.H. Free radical mediated grafting of 
chitosan with caffeic and ferulic acids: Structures and antioxidant activity. 
International Journal of Biological Macromolecules, 2014. 65: 97–106.  
Liu, L., Li, Y., Fang, Y.E., and Chen, L. Microwave-assisted graft copolymerization 
of ε-caprolactone onto chitosan via the phthaloyl protection method. 
Carbohydrate Polymers, 2005. 60: 351–356. 
Liu, L., Gao, Z.Y., Su, X.P., Chen, X., Jiang, L., and Yao, J.M. Adsorption removal 
of dyes from single and binary solutions using a cellulose-based bioadsorbent. 
ACS Sustainable Chemistry and Engineering, 2015. 3: 432–442. 
Liu, Y., Yang, L., Li, J., and Shi, Z. Grafting of methyl methacrylate onto sodium 
alginate initiated by potassium ditelluratoargentate(III). Journal of Applied 
Polymer Science, 2005. 97: 1688–1694. 
Longhinotti, E., Pozza, F., Furlan, L., Sanchez, M.D.N.D.M., Klug, M., Laranjeira, 
M.C.M., and Favere, V.T. Adsorption of anionic dyes on the biopolymer chitin. 
Journal of the Brazilian Chemical Society, 1998. 9(5): 435–440. 
López-Pérez, P.M., Marques, A.P., da Silva, R.M.P., Pashkuleva, I., and Reis, R.L. 
Effect of chitosan membrane surface modification via plasma induced 
polymerization on the adhesion of osteoblast-like cells. Journal of Materials 
Chemistry, 2007. 17: 4064–4071. 
Luk, C.J., Yip, J., Yuen, C.M., Kan, C., and Lam, K. A comprehensive study on 
adsorption behaviour of direct , reactive and acid dyes on crosslinked and non-
crosslinked chitosan beads. Journal of Fiber Bioengineering and Informatics, 
2014. 7(1): 35–52. 
Lv, P., Bin, Y., Li, Y., Chen, R., Wang, X., and Zhao, B. Studies on graft 
copolymerization of chitosan with acrylonitrile by the redox system. Polymer, 
2009. 50: 5675–5680.  
Mall, I.D., Srivastava, V.C., and Agarwal, N.K. Removal of Orange-G and methyl 
violet dyes by adsorption onto bagasse fly ash- Kinetic study and equilibrium 
isotherm analyses. Dyes and Pigments, 2006. 69, 210–223. 
Malmiri, H.J., Ghaz Jahanian, M.A., and Berenjian, A. Potential applications of 
chitosan nanoparticles as novel support in enzyme immobilization. American 
168 
 
Journal of Biochemistry and Biotechnology, 2013. 8: 203–219. 
Manasi, Rajesh, V., and Rajesh, N. An indigenous halomonas BVR1 strain 
immobilized in crosslinked chitosan for adsorption of lead and cadmium. 
International Journal of Biological Macromolecules, 2015. 79: 300–308. 
Mane, S., Ponrathnam, S., and Chavan, N. Effect of chemical crosslinking on 
properties of polymer microbeads: A review. Canadian Chemical Transactions, 
2016. 3(4): 473–485. 
Meena, A.K., Kadirvelu, K., Mishraa, G.K., Rajagopal, C., and Nagar, P.N. 
Adsorption of Pb(II) and Cd(II) metal ions from aqueous solutions by mustard 
husk. Journal of Hazardous Materials, 2008. 150(3): 619–625. 
Mehdinia, A., Shegefti, S., and Shemirani, F. Removal of lead(II), copper(II) and 
zinc(II) ions from aqueous solutions using magnetic amine-functionalized 
mesoporous silica nanocomposites. Journal of the Brazilian Chemical Society, 
2015. 26(11): 2249–2257. 
Mellah, A. and Chegrouche, S. The removal of zinc from aqueous solutions by 
natural bentonite. Water Research, 1997. 31: 621–629. 
Migneault, I., Dartiguenave, C., Bertrand, M.J., and Waldron, K.C. Glutaraldehyde: 
Behavior in aqueous solution, reaction with proteins, and application to enzyme 
crosslinking. BioTechniques, 2004. 37: 790–802. 
Minko, S. Grafting on solid surfaces: “Grafting to” and “grafting from” methods. M. 
Stamm (ed.). Polymer Surfaces and Interfaces. Springer. 215–234; 2008. 
Miretzky, P. and Cirelli, A.F. Hg(II) removal from water by chitosan and chitosan 
derivatives: A review. Journal of Hazardous Materials, 2009. 167: 10–23. 
Mishra, M.M., Sand, A., Kumar, D., Yadav, M., and Behari, K. Free radical graft 
copolymerization of N-vinyl-2-pyrrolidone onto k-carrageenan in aqueous 
media and applications. Carbohydrate Polymers, 2010. 82: 424–431.  
Misra, B.N., Mehta, I.K., and Khetarpal, R.C. Grafting onto cellulose. VIII. Graft 
copolymerization of poly(ethylacrylate) onto cellulose by use of redox 
initiators. Comparison of initiator reactivities. Journal of Polymer Science: 
Polymer Chemistry Edition, 1984. 22(11): 2767–2775. 
Mokaddem, H., Azouaou, N., Kaci, Y., and Sadaoui, Z. Study of lead adsorption 
from aqueous solutions on agar beads with EPS produced from paenibacillus 
polymyxa. Chemical Engineering Transactions, 2014. 38: 31–36. 
Monsan, P. Optimization of glutaraldehyde activation of a support for enzyme 
169 
 
immobilization. Journal of Molecular Catalysis, 1977. 3: 371–384. 
Monteiro, O.A.C. and Airoldi, C. Some studies of crosslinking chitosan-
glutaraldehyde interaction in a homogeneous system. International Journal of 
Biological Macromolecules, 1999. 26: 119–128. 
Mostafa, K.M., Samerkandy, A.R., and El-sanabay, A.A. Modification of 
carbohydrate polymers part 2: Grafting of methacrylamide onto pregelled starch 
using vanadium-mercaptosuccinic acid redox pair. Journal of Applied Sciences 
Reseacrh, 2007. 3(8): 681–689. 
Mun, G.A., Nurkeeva, Z.S., Dergunov, S.A., Nam, I.K., Maimakov, T.P., 
Shaikhutdinov, E.M., Lee, S.C., and Park, K. Studies on graft copolymerization 
of 2-hydroxyethyl acrylate onto chitosan. Reactive and Functional Polymers, 
2008. 68: 389–395. 
Nidheesh, P. V. and Gandhimathi, R. Kinetic analysis of crystal violet adsorption on 
to bottom ash. Turkishh Journal of Engineering and Environmental Sciences, 
2012. 36: 249–262. 
Nitsae, M., Madjid, A., Hakim, L., and Sabarudin, A. Preparation of chitosan beads 
using tripolyphosphate and ethylene glycol diglycidyl ether as crosslinker for 
Cr(VI) adsorption. Chemistry and Chemical Technology, 2016. 10(1): 105–114. 
Nomanbhay, S. and Azmi, N.Y. Microwave enhanced synthesis of chitosan-graft-
polyacrylamide molecularly imprinted polymer (MIP) for selective extraction of 
antioxidants. E-Journal of Chemistry, 2010. 7(4): 1362–1374. 
Nuhoglu, Y. and Malkoc, E. Thermodynamics and kinetic studies for environment 
friendly Ni(II) biosorption using waste pomace of olive oil. Bioresource 
Technology, 2016. 100: 2375–2380. 
O’Connell, D.W., Birkinshaw, C., and O’Dwyer, T.F. Heavy metal adsorbents 
prepared from the modification of cellulose: A review. Bioresource Technology, 
2008. 99(15): 6709–6724. 
Odian, G. Radical chain polymerization. Principles of Polymerization. New Jersey. 
John Wiley & Sons. Inc. 198-349; 2004. 
Ofokansi, K.C., Kenechukwu, F.C., Isah, A.B., and Okigbo, E.L. Formulation and 
evaluation of glutaraldehyde-crosslinked chitosan microparticles for the 
delivery of ibuprofen. Tropical Journal of Pharmaceutical Research, 2013. 
12(1): 19–25. 
Okaya, T., Suzuki, A., and Kikuchi, K. Effect of initiators on grafting in the initial 
170 
 
stage of the emulsion polymerization of methyl methacrylate using poly(vinyl 
alcohol) as a protective colloid. Colloid & Polymer Science, 2002. 280: 188–
192. 
Okoya, A., Akinyele, A., Amuda, O., and Ofoezie, I. Chitosan-grafted carbon for the 
sequestration of heavy metals in aqueous solution. American Chemical Science 
Journal, 2016. 11(3): 1–14. 
Oungbho, K. and Müller, B.W. Chitosan sponges as sustained release drug carriers. 
International Journal of Pharmaceutics, 1997. 156: 229–237. 
Pandey, S. and Mishra, S.B. Graft copolymerization of ethylacrylate onto xantham 
gum, using potassium peroxydisulfate as an initiator. International Journal of 
Biological Macromolecules, 2011. 49: 527–535.  
Pathania, D., Sharma, R., and Kalia, S. Graft copolymerization of acrylic acid onto 
gelatinized patato starch for removal of metal ions and organic dyes from 
aqueous system. Advanced Materials Letters, 2012. 3: 259–264. 
Pati, M.K. and Nayak, P. Grafting vinyl monomers onto chitosan: IV: Graft 
copolymerized of acrylicacid onto chitosan using ceric ammonium nitrate as the 
initiator- characterization and antimicrobial activities. Materials Sciences and 
Applications, 2011. 2: 1741–1748. 
Peng, X., Liu, B., Chen, W., Li, X., Wang, Q., Meng, X., and Wang, D. Effective 
biosorption of patulin from apple juice by cross-linked xanthated chitosan resin. 
Food Control, 2016. 63: 140–146. 
Pengfei, L., Maolin, Z., and Jilan, W. Study on radiation-induced grafting of styrene 
onto chitin and chitosan. Radiation Physics and Chemistry, 2011. 61: 149–153. 
Peniche, C., Goycoolea, F.M., and Argüelles-Monal, W. Chitin and chitosan: Major 
sources, properties and applications. Monomers, Polymers and Composites from 
Renewable Resources, 2008. 1: 517–542. 
Pillai, C.K.S., Paul, W., and Sharma, C.P. Chitin and chitosan polymers: Chemistry, 
solubility and fiber formation. Progress in Polymer Science, 2009. 34: 641–678. 
Poon, L., Wilson, L.D., and Headley, J. V. Chitosan-glutaraldehyde copolymers and 
their sorption properties. Carbohydrate Polymers, 2014. 109: 92–101. 
Radwan, A.A., Alanazi, F.K., and Alsarra, I.A. Microwave irradiation-assisted 
synthesis of a novel crown ether crosslinked chitosan as a chelating agent for 
heavy metal ions. Molecules, 2010. 15: 6257–6268. 
Raghunadh Acharyulu, S., Gomathi, T., and Sudha, P.N. Physico-chemical 
171 
 
characterization of cross linked chitosan-polyacrylonitrile polymer blends. Der 
Pharmacia Lettre, 2013. 5: 354–363. 
Rajiv, M., Kousalya, G.N., Viswanathan, N., and Meenakshi, S. Sorption behaviour 
of copper on chemically modified chitosan beads from aqueous solution. 
Carbohydrate Polymers, 2011. 83: 1082–1087. 
Ramanathan, S., Ponnuswamy, V., Mariappan, R., Nazeer, K.P., and Murugavel, 
S.C. Physical investigations on chitosan graft polyaniline. Elixir International 
Journal, 2012. 43: 6952–6954. 
Ramya, R., Sankar, P., Anbalagan, S., and Sudha, P.N. Adsorption of Cu(II) and 
Ni(II) ions from metal solution using crosslinked chitosan-g-acrylonitrile 
copolymer. International Journal of Environmental Sciences, 2011. 1(6): 1323–
1338. 
Rao, K.S., Mohapatra, M., Anand, S., and Venkateswarlu, P. Review on cadmium 
removal from aqueous solutions. International Journal of Engineering Science 
and Innovative Technology, 2010. 2(7): 81–103. 
Rattanawongwiboon, T., Haema, K., and Pasanphan, W. Stearyl methacrylate-
grafted-chitosan nanoparticle as a nanofiller for PLA: Radiation-induced 
grafting and characterization. Radiation Physics and Chemistry, 2014. 94: 205–
210. 
Raut, A.R. and Khairkar, S.R. Study of chitosan crosslinked with glutaraldeyde as 
biocomposite material. World Journal of Pharmaceutical Research, 2014. 3(9): 
523–532. 
Reddi, M.R.G., Gomathi, T., and Sudha, P.N. Synthesis and characterization of graft 
copolymerization of chitosan with ethylene dimethacrylate. Der Pharmacia 
Lettre, 2014. 6: 296–305. 
Rinaudo, M. Chitin and chitosan: Properties and applications. Progress in Polymer 
Science, 2006. 31: 603–632. 
Rithe, S.S., Kadam, P.G., and Mhaske, S.T. Preparation and analysis of novel 
hydrogels prepared from the blend of guar gum and chitosan: Cross-linked with 
glutaraldehyde. Advances in Materials Science and Engineering, 2014. 1: 1–15. 
Rorrer, G.L., Hsien, T.-Y., and Way, J.D. Synthesis of porous-magnetic chitosan 
beads for removal of cadmium ions from waste water. Industrial and 
Engineering Chemistry Research, 1993. 32: 2170–2178. 
Sadeghi, M., Ghasemi, N., and Soliemani, F. Graft copolymerization methacrylamide 
172 
 
monomer onto carboxymethyl cellulose in homogeneous solution and 
optimization of effective parameters. World Applied Sciences Journal, 2012. 
16(1): 119–125. 
Sadeghi-Kiakhani, M., Arami, M., and Gharanjig, K. Preparation of chitosan-ethyl 
acrylate as a biopolymer adsorbent for basic dyes removal from colored 
solutions. Journal of Environmental Chemical Engineering, 2013. 1: 406–415.  
Said, A.E.A., Aly, A.A.M., El-wahab, M.M.A., and Soliman, S.A. Potential 
application of propionic acid modified sugarcane bagasse for removing of basic 
and acid dyes from industrial wastewater. Resources and Environment, 2012. 
2(3): 93–99. 
Salleh, M.A.M., Mahmoud, D.K., Karim, W.A.W.A., and Idris, A. Cationic and 
anionic dye adsorption by agricultural solid wastes: A comprehensive review. 
Desalination, 2011. 280: 1–13.  
Sashikala, S. and Syed Shafi, S. Synthesis and characterization of multifunctional 
chiral schiff base derivatives. Der Pharmacia Lettre, 2014. 6: 90–97. 
Sashiwa, H., Kawasaki, N., Nakayama, A., Muraki, E., Yamamoto, N., and Aiba, S.I. 
Chemical modification of chitosan. 14:
1
 synthesis of water-soluble chitosan 
derivatives by simple acetylation. Biomacromolecules, 2002. 3(5): 1126–1128. 
Sen, G., Sharon, A., and Pal, S. Grafted polysaccharides: Smart materials of the 
future, their synthesis and applications. Susheel Kalia and Luc Averous (eds). 
Biopolymers: Biomedical and Environmental Applications. Scrivener 
Publishing LLC. 99–128; 2011. 
Seniūnaitė, J., Vaiškūnaitė, R., and Bolutienė, V. Coffee grounds as an adsorbent for 
copper and lead removal form aqueous solutions. The 9th International 
Conference “ENVIRONMENTAL ENGINEERING”, 2014. 1–6. 
Seow, T.W. and Lim, C.K. Removal of dye by adsorption: A review. International 
Journal of Applied Engineering Research, 2016. 11(4): 2675–2679. 
Shahbuddin, M., Bullock, A.J., MacNeil, S., and Rimmer, S. Glucomannan-poly(N-
vinyl pyrrolidinone) bicomponent hydrogels for wound healing. Journal of 
Materials Chemistry B, 2014. 2: 727–738. 
Shankar, P., Gomathi, T., Vijayalakshmi, K., and Sudha, P.N. Adsorption of 
chromium(VI) from aqueous solution using crosslinked chitosan graft 
polyacrylonitrile copolymer. Indian Journal of Applied Reseacrh, 2014. 4(5): 
62–65. 
173 
 
Shanmugapriya, A., Srividhya, A., Ramya, R., and Sudha, P.N. Graft 
copolymerization of chitosan with acrylic acid used in waste water treatment. 
International Journal of Environmental Sciences, 2011. 1(7): 2086–2095. 
Shanmugapriya, A., Ramya, R., Ramasubramaniam, S., and Sudha, P.N. Studies on 
removal of Cr(VI) and Cu(II) ions using chitosan-grafted-polyacrylonitrile. 
Archives of Applied Science Research, 2011. 3: 424–435. 
Silva, C.J.S.M., Sousa, F., Gübitz, G., and Cavaco-Paulo, A. Chemical modifications 
on proteins using glutaraldehyde. Food Technology and Biotechnology, 2004. 
42: 51–56. 
Singh, V., Tripathi, D.N., Tiwari, A., and Sanghi, R. Microwave promoted synthesis 
of chitosan-graft-poly(acrylonitrile). Journal of Applied Polymer Science, 2005. 
95: 820–825. 
Singh, V., Tripathi, D.N., Tiwari, A., and Sanghi, R. Microwave synthesized 
chitosan-graft-poly(methylmethacrylate): An efficient Zn
2+
 ion binder. 
Carbohydrate Polymers, 2006. 65, 35–41. 
Singh, V., Sharma, A.K., and Sanghi, R. Poly(acrylamide) functionalized chitosan: 
An efficient adsorbent for azo dyes from aqueous solutions. Journal of 
Hazardous Materials, 2009. 166: 327–335. 
Singh, V., Sharma, A. K., Tripathi, D.N., and Sanghi, R. Poly(methylmethacrylate) 
grafted chitosan: An efficient adsorbent for anionic azo dyes. Journal of 
Hazardous Materials, 2009. 161: 955–966. 
Sobhanardakani, S., Zandipak, R., Parvizimosaed, H., Khoei, A.J., Moslemi, M., 
Tahergorabi, M., Hosseini, S.M., and Delfieh, P. Efficiency of chitosan for the 
removal of Pb(II), Fe(II) and Cu(II) ions from aqueous solutions. Iranian 
Journal of Toxicology, 2014. 8(26): 1145–1151. 
Srivastava, A., Mishra, D.K., and Behari, K. Graft copolymerization of N-vinyl-2-
pyrrolidone onto chitosan: Synthesis, characterization and study of 
physicochemical properties. Carbohydrate Polymers, 2010. 80: 790–798.  
Straccia, M.C., D’Ayala, G.G., Romano, I., Oliva, A., and Laurienzo, P. Alginate 
hydrogels coated with chitosan for wound dressing. Marine Drugs, 2015. 13: 
2890–2908. 
Subramanian, K.G. and Vijayakumar, V. Synthesis and evaluation of chitosan-graft-
poly (2-hydroxyethyl methacrylate-co-itaconic acid) as a drug carrier for 
controlled release of tramadol hydrochloride. Saudi Pharmaceutical Journal, 
174 
 
2012. 20: 263–71.  
Suc, N. Van and Ly, H.T.Y. Lead(II) removal from aqueous solution by chitosan 
flake modified with citric acid via crosslinking with glutaraldehyde. Journal of 
Chemical Technology and Biotechnology, 2013. 88: 1641–1649. 
Sun, K. and Li, Z.H. Preparations, properties and applications of chitosan based 
nanofibers fabricated by electrospinning. Express Polymer Letters, 2011. 5(4): 
342–361. 
Sun, T., Xu, P., Liu, Q., Xue, J., and Wenming, X. Graft copolymerization of 
methacrylic acid onto carboxymethyl chitosan. European Polymer Journal, 
2003. 39: 189–192. 
Sun, Z. and Chen, F. Homogeneous grafting copolymerizations of 
methymethacrylate onto cellulose using ammonium persulfate. Cellulose 
Chemistry and Technology, 2013. 48: 217–223. 
Tavano, O.L., Fernandez-Lafuente, R., Goulart, A.J., and Monti, R. Optimization of 
the immobilization of sweet potato amylase using glutaraldehyde-agarose 
support. Characterization of the immobilized enzyme. Process Biochemistry, 
2013. 48: 1054–1058.  
Teka, T. and Enyew, S. Study on effect of different parameters on adsorption 
efficiency of low cost activated orange peels for the removal of methylene blue 
dye. International Journal of Innovation and Scientific Research, 2014. 8(1): 
106–111. 
Tirtom, V.N., Dincer, A., Becerik, S., Aydemir, T., and Çelik, A. Removal of 
lead(II) ions from aqueous solution by using crosslinked chitosan-clay beads 
chitosan-clay beads. Desalination and Water Treatment, 2012. 39: 76–82. 
Titi, O.A. and Bello, O.S. An overview of low cost adsorbents for copper(II) ions 
removal. Biotechnology & Biomaterials, 2015. 5(1): 1–13. 
Torres, M.G., Muñoz, S.V., Rosales, S.G.S., Carreón-Castro, M.D.P., Muñoz, 
R.A.E., González, R.O., González, M.R.E., and Talavera, R.R. Radiation-
induced graft polymerization of chitosan onto poly(3-hydroxybutyrate). 
Carbohydrate Polymers, 2015. 133: 482–492. 
Tumin, N.D., Chuah, A.L., Zawani, Z., and Abdul Rashid, S. Adsorption of copper 
from aqueous solution by elais guineensis kernel activated carbon. Journal of 
Engineering Science and Technology, 2008. 3(2): 180–189. 
Tuzlakoglu, K., Alves, C.M., Mano, J.F., and Reis, R.L. Production and 
175 
 
characterization of chitosan fibers and 3-D fiber mesh scaffolds for tissue 
engineering applications. Macromolecular Bioscience, 2004. 4: 811–819. 
Umar, A., Abu Naim, A., and Sanagi, M.M. Synthesis and characterization of 
chitosan grafted with polystyrene using ammonium persulfate initiator. 
Materials Letters, 2014. 124: 12–14.  
U.S. Geological Survey Circular 1133, "Sources and Sinks of Heavy Metals," 
Reston, Virginia, 1995. 
Vakili, M., Rafatullah, M., Salamatinia, B., Abdullah, A.Z., Ibrahim, M.H., Tan, 
K.B., Gholami, Z., and Amouzgar, P. Application of chitosan and its derivatives 
as adsorbents for dye removal from water and wastewater: A review. 
Carbohydrate Polymers, 2014. 113: 115–130. 
Vakili, M., Rafatullah, M., Salamatinia, B., Ibrahim, M.H., and Abdullah, A.Z. 
Elimination of reactive blue 4 from aqueous solutions using 3-aminopropyl 
triethoxysilane modified chitosan beads. Carbohydrate Polymers, 2015. 132: 
89–96.  
Vieira, R.S. and Beppu, M.M. Mercury ion recovery using natural and crosslinked 
chitosan membranes. Adsorption, 2005. 11: 731–736. 
Vieira, R.S., Oliveira, M.L.M., Guibal, E., Rodriguez-Castellon, E., and Beppu, 
M.M. Copper, mercury and chromium adsorption on natural and crosslinked 
chitosan films: An XPS investigation of mechanism. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 2011. 374: 108–114.  
Vijan, V., Kaity, S., Biswas, S., Isaac, J., and Ghosh, A. Microwave assisted 
synthesis and characterization of acrylamide grafted gellan, application in drug 
delivery. Carbohydrate Polymers, 2012. 90: 496–506.  
Wan Ngah, W.S. and Fatinathan, S. Adsorption of Cu(II) ions in aqueous solution 
using chitosan beads, chitosan-GLA beads and chitosan-alginate beads. 
Chemical Engineering Journal, 2008. 143: 62–72. 
Wan Ngah, W.S. and Fatinathan, S. Adsorption characterization of Pb(II) and Cu(II) 
ions onto chitosan-tripolyphosphate beads: Kinetic, equilibrium and 
thermodynamic studies. Journal of Environmental Management, 2010. 91: 958–
969.  
Wan Ngah, W.S., Ab Ghani, S., and Hoon, L.L. Comparative Adsorption of lead(ll) 
on flake and bead-types of chitosan. Journal of the Chinese Chemical Society, 
2002. 49: 625–628. 
176 
 
Wan Ngah, W.S., Endud, C.S., and Mayanar, R. Removal of copper(II) ions from 
aqueous solution onto chitosan and cross-linked chitosan beads. Reactive and 
Functional Polymers, 2002. 50: 181–190. 
Wan Ngah, W.S., Ab Ghani, S., and Kamari, A. Adsorption behaviour of Fe(II) and 
Fe(III) ions in aqueous solution on chitosan and cross-linked chitosan beads. 
Bioresource Technology, 2005. 96, 443–450. 
Wang, A. and Wang, W. Gum-g-copolymers: Synthesis, properties and applications. 
S. Kalia and M.W. Sabaa (eds.). Polysaccharide Based Graft Copolymers. 
Berlin. Springer-Verlag. 149-203; 2013. 
Wang, J. and Chen, C. Chitosan-based biosorbents: Modification and application for 
biosorption of heavy metals and radionuclides. Bioresource Technology, 2014. 
160: 129–141.  
Wang, J.P., Chen, Y.Z., Zhang, S.J., and Yu, H.Q. A chitosan-based flocculant 
prepared with gamma-irradiation-induced grafting. Bioresource Technology, 
2008. 99: 3397–3402. 
Wang, X., Guo, Y., Yang, L., Han, M., Zhao, J., and Cheng, X. Nanomaterials as 
sorbents to remove heavy metal ions in wastewater treatment. Environmental & 
Analytical Toxicology, 2012. 2(7): 1–7. 
Webb, P.A. Introduction to chemical adsorption analytical techniques and their 
applications to catalysis. MIC Technical Publications, 2003. 13: 1–4. 
Wine, Y., Cohen-Hadar, N., Freeman, A., and Frolow, F. Ellucidation of the 
mechanism and end products of glutaraldehyde crosslinking reaction by X-Ray 
structure analysis. Journal of Biotechnology and Bioengineering, 2007. 98: 
711–718. 
Wong, Y.C., Szeto, Y.S., Cheung, W.H., and McKay, G. Pseudo-first-order kinetic 
studies of the sorption of acid dyes onto chitosan. Journal of Applied Polymer 
Science, 2004. 92: 1633–1645. 
Wu, F.C., Tseng, R.L., and Juang, R.S. Comparative adsorption of metal and dye on 
flake- and bead-types of chitosans prepared from fishery wastes. Journal of 
Hazardous Materials, 2000. 73: 63–75. 
Xi, Y., Luo, Y., Luo, J., and Luo, X. Removal of cadmium(II) from wastewater using 
novel cadmium ion-imprinted polymers. Journal of Chemical and Engineering 
Data, 2015. 60: 3253–3261. 
Yagub, M.T., Sen, T.K., Afroze, S., and Ang, H.M. Dye and its removal from 
177 
 
aqueous solution by adsorption: A review. Advances in Colloid and Interface 
Science, 2014. 209: 172–184. 
Yan, H., Dai, J., Yang, Z., Yang, H., and Cheng, R. Enhanced and selective 
adsorption of copper(II) ions on surface carboxymethylated chitosan hydrogel 
beads. Chemical Engineering Journal, 2011. 174: 586–594.  
Yang, W., Ding, P., Zhou, L., Yu, J., Chen, X., and Jiao, F. Preparation of diamine 
modified mesoporous silica on multi-walled carbon nanotubes for the 
adsorption of heavy metals in aqueous solution. Applied Surface Science, 2013. 
282: 38–45.  
Yuan, Y., Chesnutt, B.M., Haggard, W.O., and Bumgardner, J.D. Deacetylation of 
chitosan: Material characterization and in vitro evaluation via albumin adorption 
and pre-osteoblastic cell cultures. Materials, 2011. 4: 1399–1416. 
Zakaria, Z., Izzah, Z., Jawaid, M., and Hassan, A. Effect of degree of deacetylation 
of chitosan on thermal stability and compatibility of chitosan-polyamide blend. 
BioResources, 2012. 7: 5568–5580. 
Zhang, H.F., Zhong, H., Zhang, L.L., Chen, S.B., Zhao, Y.J., and Zhu, Y.L. 
Synthesis and characterization of thermosensitive graft copolymer of N-
isopropylacrylamide with biodegradable carboxymethylchitosan. Carbohydrate 
Polymers, 2009. 77: 785–790. 
Zhou, D., Zhang, L., and Guo, S. Mechanisms of lead biosorption on cellulose/chitin 
beads. Water Research, 2005. 39: 3755–3762. 
Zohuriaan-mehr, M.J. Advances in chitin and chitosan modification through graft 
copolymerization: A comprehensive review. Iranian Polymer Journal, 2005. 
14(3): 235–265. 
Zohuriaan-mehr, M.J., Pourjavadi, A., and Sadeghi, M. Modified CMC: Part 1-
Optimized synthesis. Iranian Polymer Journal, 2005. 14: 131–138. 
 
 
 
 
 
